This Feature focuses on pyrrolic macrocycles that can serve as switches via energy-or electron transfer (ET) mechanisms. Macrocycles operating by both ground state (thermodynamic) and photoinduced ET pathways are reviewed and their ability to serve as the readout motif for molecular sensors is discussed.
Introduction
The development of molecular sensors capable of detecting and quantifying the presence of chemically or biologically important analytes is a topic of considerable current interest. Typically, molecular sensors contain a readout element, which detectibly and reversibly changes the state of the system upon interaction with an analyte of interest. To date, a wide variety of systems that rely on changes in the absorptive, 1 emissive, 1,2 structural, 3 or redox properties 4 of the readout element have been reported. Other systems, including polymers, 5 multi-component arrays, 6 and solid supported devices, 7 that act as molecular switches or logic devices have also been exploited for the purpose of chemical sensing. However, the development of new modalities that might allow for the detection of analytes is of vital importance for the progression of the recognition, sensing, and molecular logic device fields.
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Olga Trukhina graduated from the Ivanovo State University of Chemistry and Technology, Russia, in 2007 and then became a PhD student under the guidance of Prof. Mikhail K. Islyaikin and Prof. Tomás Torres, working on expanded porphyrin aza-analogues. In 2010, she started working in the synthesis of phthalocyanine-based molecular nanosystems as a fellow within the group of Prof. Torres and continues her research under his guidance at the IMDEA-Nanoscience. oxidation states of the components), charge transfer complexes (partial charge transfer as a result of favorable orbital overlap between the constituent donors and acceptors), and photoinduced energy-or electron transfer (i.e., charge transfer stimulated by spectroelectrical illumination). A vast and continually increasing amount of research effort has been devoted to systems displaying these features, driven by the widespread interest in molecular electronic devices, photosynthetic mimics, and photocatalysis. However, in spite of the ubiquity of energy-and electron transfer processes and their obvious importance in a range of areas, both fundamental and applied, little work has been devoted to exploiting the underlying interactions as the basis for sensor development.
In this Feature we aim to highlight oligopyrrole-based charge transfer systems that have the potential to be applied as molecular sensors. Particular focus will be placed on systems where the addition of an outside stimulus or analyte leads to a thermodynamic electron transfer (ET) event being turned on, off, or in some cases reversed. Examples involving supramolecular ET systems, in which the donor and acceptor are linked via supramolecular interactions, will receive the greatest emphasis. Such systems are expected to be inherently more useful, and more sensitive, when applied as sensors since changes in the key supramolecular associations can serve to alter the spatial configuration of the system and thus the rate of ET between the electroactive donor-acceptor components. While there are a number of systems that might potentially be considered as noncovalent, ET-based sensor systems, to limit the number of examples, this Feature will concentrate on analyte-dependent, energy-and electron transfer ensembles involving pyrrolic macrocycles. Other than considerations of length, the justification for targeting this class of molecules is multifaceted.
Specifically, such macrocycles are (1) well-studied with countless examples having been reported in the literature, (2) easily modified via synthetically modification or metalation of the central core, (3) can be tuned to emit and absorb light throughout the visible and NIR spectrum, (4) form stable and well-defined radical cations and anions upon oxidation and reduction, respectively, and (5) have been shown to form supramolecular complexes though axial metal coordination, as well as electrostatic, p-p donor-acceptor, van der Waals, and hydrogen bonding interactions. 12 Our goal in writing this Feature is to show how appropriately chosen constructs containing pyrrolic macrocycles can be considered as analyte-dependent electron transfer switches and thus as a new class of molecular sensors. It is hoped that this will serve to set the stage for future developments in the field.
Dynamics of electron transfer (Marcus theory)
Electron transfer reactions, often referred to as redox reactions, consist of the transfer of an electron from one species (donor or reductant) to another species (acceptor or oxidant). Between discrete molecules, such ET events occur through one of two limiting pathways: inner sphere or outer sphere. In the inner sphere mechanism, the donor and acceptor are bridged during the electron transfer process, resulting in large changes to the coordination sphere of the products compared to the reactants, including alterations in the number, type, and lengths of bonds or the ligands surrounding the redox center. In outer sphere electron transfer reactions no bonds are formed or broken. Instead, upon close contact of the redox active species via e.g., diffusion or supramolecular complexation, an electron ''hops'' 
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through space (tunnels) from the donor to the acceptor completing the ET process. Typically, outer sphere ET processes are preferred when the rate of electron transfer is faster than ligand substitution, when there are no suitable bridging ligands, or when one or both of the electroactive components is inert. Thus, for supramolecular switching applications, the outer sphere mechanism is of greater interest.
A number of rate expressions have been introduced to the literature that may be used to predict whether an outer shell ET reaction will take place in the forward or back directions and whether the resulting charge separated (CS) state will be stable. Of these, the ''Marcus Theory'', pioneered by Rudolf A. Marcus (for which he received the Nobel Prize in Chemistry in 1992), is the best known. 13 It relies on a transition-state theoretical approach and is accessible to the non-specialist. Unlike classical reaction mechanisms (such as S N 2) subject to microscopic reversibility, in ET, the electron undergoing reaction is quantized. It resides either fully on the donor or fully on the acceptor. Thus, the solvent and solvation state have enhanced importance. Specifically, the movement of electrons from donor to acceptor happens on a much faster time scale than the reorganization of large solvent molecules. Therefore, and according to the Franck-Condon principle, 14 the nuclear orientations of the reactants, products, and the solvent, must be degenerate. In other words their orientations must be identical before and after the electron ''jumps.'' However, since energy must also be conserved during the ET process for any non-isoergic reaction, the solvent sphere of the reactants and the products cannot be the same; rather, its orientation must lie somewhere in between the two. Consequently, the energy required to reorganize the solvent shell into a state where ET can occur (corresponding to the hypothetical transfer of a partial electron) is equivalent to the activation barrier, DG ‡ , of the ET reaction.
Marcus found that he could treat the complicated reaction coordinate diagram containing all of the coordinates for each individual solvent molecule within a single coordinate, the solvent polarization (P or De). 15 Using eqn (1), the Gibbs free energy of the system becomes a function of De, where r D and r A are the radius of the donor and acceptor, respectively, R DA is the distance between the donor and acceptor, and e op and e s are the optical and static dielectric constants of the solvent, respectively. The physical meaning of De in this equation is equivalent to the amount of charge transferred from the donor to the acceptor.
Plots of eqn (1) are parabolic in nature, and represent the amount of energy required to perturb the solvent environment of a system to that of an arbitrary amount of transferred charge. Although for any given ET event the amount of charge is quantized, the perturbation of the solvent is not, and can be treated classically. Thus, plotting eqn (1) for both the precursor (D and A) and successor (D + and A À ) complexes on the same axis allows a semi-quantitative understanding of the ET process ( Fig. 1 ). For instance, the point where the parabolas intersect corresponds to the activation energy (DG ‡ ) of the electron transfer process. Solving for this point (eqn (2)), Marcus found DG ‡ as a function of the reorganization energy, l o (the value of G in eqn (1) when De = 1) and the driving force, DG 0 , of the reaction.
Finally, substituting the activation energy into the Arrhenius equation, the rate constant is obtained (eqn (3)):
where A is a pre-exponential factor dependent on the distance between the redox pair, and the damping factor, R is the ideal gas constant, and T is the temperature of the solution. A further peculiarity of Marcus theory is the so-called Marcus ''inverted'' region. 16 In the ''normal'' region associated with Marcus theory, an increase in the free energy driving force, DG 0 , results in a decrease of the activation energy, DG ‡ (Fig. 2 ). This trend continues until DG ‡ = 0, or in other words, the point in which an electron can be transferred from the precursor to the successor complex without requiring the manipulation of the solvent environment of the precursor complex. At this value of DG 0 , the rate of electron transfer is at a maximum and approaches diffusion limits. However, further increasing the driving force leads to an increase in the activation barrier, DG ‡ , and a retardation of the reaction rates. This portion is termed the ''inverted'' region in Marcus theory and upon experimental confirmation, 17 became one of the hallmarks of ET theory.
This brief discussion of the dynamics of electron transfer is included to illustrate the elementary theory behind ET processes and to serve as a starting point for design considerations of potential ET sensors. For a compound to serve efficiently as an ET sensor the shape and/or location of its parabolic De vs. G Fig. 1 Schematic diagram according to Marcus theory showing the parabolic outer sphere reorganization energies for a general donoracceptor ET system. The first parabola (G, DA in blue) denotes the solvent polarization condition before the ET event while the second (G, D + A À in green) corresponds to the post ET situation. DG ‡ , DG 0 , and l depict the activation energy, the free energy driving force, and the outer shell reorganization energy of the ET event, respectively. curve must be modified in a reversible (and ideally specific) manner upon exposure to an analyte. Thus, modifying the solvation sphere, reorganizational energy, Gibbs free energy of the donor or acceptor, or the distance between the donor and acceptor should have an effect on the rate of ET. These design principles provide a framework for the ensuing discussion of recent developments in the area.
Ground state ET systems

Biological systems
ET reactions are essential to the formation of energy rich chemicals (such as adenosine triphosphate (ATP)) that serve as the ''molecular foods'' for biological life. The two most important energy transductions in the biosphere -oxidative phosphorylation and photophosphorylation -together account for the vast majority of adenosine triphosphate (ATP) synthesized by aerobic organisms. 18 The ET pathway for these processes involves the flow of electrons through a chain of redox intermediates including pyrrolic macrocycles (e.g., cytochromes), membranebound quinones, nicotinamide adenine dinucleotides, and other proteins. Further, these phosphorylation pathways are toggled on and off by transmembrane differences in ion concentrations and thus, can be considered as biological examples of supramolecular ET switches. Therefore, a brief review of selected natural pyrrolebased ET complexes is appropriate prior to discussing synthetic ET switching systems.
A canonical example of ground state ET within biological systems involves the transfer of electrons by cytochrome c (Cc) to cytochrome c oxidase (CcO). After receiving an electron from cyctochrome bc 1 complex the water-soluble heme protein Cc transfers electrons to the membrane bound heme-copper oxidase CcO in the ultimate step of respiration. Minimal structural changes occur within Cc upon switching between its oxidized (Fe 3+ ) and reduced (Fe 2+ ) forms, maintaining the near-planarity of the heme molecule during phosphorylation. 19 The small structural changes in Cc and the unique solvent environments in the protein complexes most likely reduce the reorganizational energy between the oxidized and reduced forms, promoting rapid and efficient ground state ET. Further, the positively charged Cc and CcO proteins have been known to bind anions with varying affinities, inducing a redox-dependent structural change that alters the ET process. 20 Thus, ET reactions of cytochromes provide a proof-of-concept illustration that ET pathways can be promoted or inhibited by simple co-factors. Effectively, these prosthetic groups act as sensors for a key biological ET event. [4] pyrrole. Inspired by the biological ET systems mentioned above, we attempted to achieve control over ET within synthetic supramolecular ensembles through the judicious addition of anions and cations. As detailed below, we found that by using a mixture of the electron donating tetrathiafulvalene-appended calix [4] pyrrole (TTF-C4P) 21 with the dicationic electron acceptor bisimidazolium quinone (BIQ 2+ ) 22 we could reversibly switch the direction of electron transfer by varying the surrounding ionic environment. 23 Calix [4] pyrroles (C4P), in general, are a class of fluxional tetrapyrrolic macrocycles that bind selected anionic guests in organic solvents. 4c,24 Upon anion complexation, a change in the conformation of the C4P macrocycle occurs, converting it from the so-called 1,3-alternate to the corresponding cone conformation. This flip in the stereochemical arrangement upon anion recognition is a result of the favorable and concerted hydrogen bonding interactions between the C4P pyrrolic N-H protons and the anionic guest, which are enhanced in the cone conformer. Upon C4P cone formation a bowl-like arrangement of the pyrrolic subunits is stabilized, into which appropriately sized cations have been shown to bind. 25 In the case of TTF-C4P, similar anion binding events and conformational changes occur, albeit with diminished anion affinities that are ascribed to the relatively electron rich nature of the tetrathiafulvalene moieties that serve to reduce the H-bond donor strength of the pyrrole rings. 26 As with simple C4Ps, conversion of TTF-C4P to its cone conformation serves to stabilize an electron rich bowl-shaped pocket that is able to accommodate large electron deficient guests, such as C 60 .
Intermolecular ET systems
Tetrathiafulvalene calix
Although charge transfer bands are seen when TTF-C4P and C 60 are combined in the presence of an organic soluble chloride anion source, the fullerene is not a strong enough electron acceptor to induce ground state (thermodynamic) ET. It was hypothesized, however, that TTF-C4P in its anion-bound cone conformation could interact with a stronger electron acceptor to provide an ion-switchable ET ensemble.
This concept was confirmed experimentally by employing a bisimidazolium quinone (BIQ 2+ ) acceptor as a bis-cationic guest for TTF-C4P ( Fig. 3 ). BIQ 2+ was chosen for its large size, precluding any binding in the 1,3-alternate state of TTF-C4P, as well as for the fact that its first reduction wave is nearly isoenergetic with the first oxidation wave of TTF-C4P. Additionally, the counter anions of BIQ 2+ could be varied. This, it was thought, would allow an ET event to be turned on (i.e., stabilized in the forward TTF-C4P -BIQ 2+ direction) by using a coordinating anion, such as Cl À , Br À , or MeSO 4 À . In contrast, no ET was expected when a non-coordinating anion (BF 4 À or PF 6 À ) was employed. When coordinating anions were employed as the BIQ 2+ counteranions, strong changes in the absorption spectra were observed upon addition of the dicationic salt to TTF-C4P. Specifically, a band centered around ca. 750 nm and a very broad NIR feature extending from 1200 nm to over 2500 nm were found to increase and in a concentration-dependent manner. On the basis of comparison experiments involving direct chemical or electrochemical oxidation, the observed spectral features were ascribed to the radical cationic species (TTF-C4P) 2 + . This was taken as evidence of ET being switched on.
Further evidence for ground state ET was obtained via electron paramagnetic resonance (EPR) spectroscopy. Two radical species, corresponding to TTF-C4P + (g = 2.0083) and BIQ + (g = 2.0056) were observed. These signals coincide with those obtained during independent EPR analysis of the chemical oxidation of TTF-C4P and electrochemical reduction of BIQ 2+ , respectively. It was therefore inferred that after ET, the coupled radical cationic complex (TTF-C4P) 2 + ÁBIQ + dissociates into the constituent radical species TTF-C4P + and BIQ + (most likely due to electrostatic repulsion). (Fig. 4 ). These structural studies provided unequivocal solid state evidence for the proposed ET products, while providing strong support for the notion that ET occurs in solution as the result of complex formation. In contrast to above, when salts of BIQ 2+ containing counter anions that do not form complexes with TTF-C4P (and not triggering conversion of C4P from its 1,3-alternate to cone form) no ET was observed as inferred from UV-vis absorption and EPR spectroscopy or X-ray diffraction analyses. However, upon the addition of a coordinating ion source (e.g., tetrahexylammonium chloride), to a mixture of TTF-C4P and either BIQ 2+ 2BF 4 À or BIQ 2+ 2PF 6 À (both being salts of non-coordinating anions), the characteristic absorption bands ascribed to the radical cationic (TTF-C4P) 2 + species emerges. Such findings and associated EPR analyses, lend support to the conclusion that thermodynamic ET from TTF-CFP to BIQ 2+ is only possible in the cone conformation. Ipso facto, a mixture of TFF-C4P and BIQ 2+ serves as a rudimentary sensor for the Cl À , Br À , and MeSO 4 À anions. With them, ET occurs; without them, it does not. An additional facet of the TTF-C4P-BIQ 2+ system is that an alternative mode of ET control may be realized via competitive displacement of the BIQ 2+ moiety. As noted above, the bowlshaped cavity that is an intimate feature of the cone conformation of C4Ps will interact with cations. Similar effects are observed in the case of TTF-C4P, with the strength of cation binding interaction being strongly dependent on the size and charge density of the cationic guest. Tetra(ethyl, butyl, and hexyl)-ammonium cations (TEA + , TBA + , and THA + ) were tested with TTF-C4P to evaluate the size-dependence of binding. The binding affinities were found to correlate inversely with the size of the cationic guest (i.e., TEA + 4 TBA + 4 THA + ). Further, addition of the smaller cationic guests was found to inhibit efficiently the forward ET process between TTF-C4P and BIQ 2+ . Specifically, titration of TEACl into a mixture of TTF-C4P and BIQ 2+ (in chloroform) for which ET had been triggered via the use of a coordinating anion led to regeneration of the original absorption spectrum corresponding to TTF-C4P, as well as the near-elimination of the radical signals seen in the EPR spectrum of the corresponding mixture based on THACl. Upon simply washing the system with water to enforce removal of the cationic tetraethylammonium salt, the ET state of the system was restored as inferred from color changes of the solution as well as spectroscopic analyses. Thus, in addition to being considered as an ET-based anion sensor the combined TTF-C4PÁBIQ 2+ ensemble may be used for cation identification, i.e., allowing TEA + to be distinguished from THA + .
In follow-up work, the BIQ 2+ component in the aforementioned donor-acceptor ensembles was replaced by an endohedral fullerene, specifically Li + @C 60 (Fig. 5a ). 27 Although previous studies had revealed interactions between TTF-C4P (in its cone conformation) and pristine C 60 , 26 there was no evidence of actual ET occurring, as noted above. Li + @C 60 , 28 on the other hand, is a much stronger acceptor (possessing a ca. 0.57 V cathodically shifted first reduction potential relative to C 60 ). Accordingly, Li + @C 60 was studied in the presence of TTF-C4P in benzonitrile solutions. In analogy to what was seen for the original TTF-C4PÁBIQ 2+ system, no electron transfer is observed between TTF-C4P and Li + @C 60 in the absence of a coordinating anion, presumably due to the predominant presence of the 1,3-alternate form of the putative TTF-C4P electron donor. Upon the addition of a coordinating anion source (e.g., THACl), conversion to the cone conformation occurs and ground state ET is switched on, as substantiated by both absorption spectroscopy and EPR titrations ( Fig. 5b and c) .
The lack of broad NIR bands in the absorption spectrum and the hyperfine splitting pattern observed in the EPR spectrum ( Fig. 5c ) was taken as evidence that the oxidized TTF-C4P and reduced Li + @C 60 remain tightly coupled after ET. This stands in contrast to the corresponding TTF-C4PÁBIQ 2+ system. The lack of NIR bands seen in the case of Li + @C 60 was considered indicative that the radical cation residing on the TTF-C4P is localized on one of the four TTF moieties, instead of being stabilized by neighboring TTF groups (which would result in mixed valence (NIR) bands). Most likely the overall neutral compound Li + @C 60 À has the propensity to remain in the cupshaped pocket of TTF-C4P + due to reduced electrostatic repulsion compared to the BIQ 2+ system. Evidence for the formation of the presumed Cl À ÁTTF-C4P + Li + @C 60 À ET complex came from a solid-state single crystal structural analysis. As was observed in the case of the BIQ 2+ system, displacement of the endohedralfullerene from the cup with TEA + salts led to reversal of the ET process. 3.2.2 Quinoidal p-extended tetrathiafulvalene porphyrins. An alternative system recently reported by our group utilizes metal-ligand coordination bonds to control selectively the thermodynamic ET process. Quinoidal p-extended TTF porphyrins (MTTFP) (Fig. 6) were synthesized, metalated, and their redox characteristics studied. 29 In analogy to what has been observed for other p-extended TTF (ExTTF) systems, 30 the MTTFPs were found to undergo a single two-electron oxidation (as opposed to two successive one-electron oxidations) at mild potentials as judged from cyclic voltammetric (CV) studies. These electrochemical features were ascribed to a combination of relatively reduced electrostatic repulsion in the dioxidized state (originating from the physically separated dithiolidene rings) and the increase in stability resulting from aromatization of the central porphyrin core upon removal of a second electron.
Although only one two-electron oxidation wave was observed in the CV studies, subjecting MTTFPs to chemical oxidation using less than one molar equivalent of oxidant led to a stable radical cation intermediate (MTTFP + ), which was characterized by both absorption and EPR spectroscopy. In these studies, tris(4-bromophenyl)-aminium hexachloro-antimonate (so called ''magic blue'') was used as the oxidant. Further oxidation with magic blue led to the disappearance of the EPR signals and variations in the absorption spectra that were ascribed to the formation of the radical-free dicationic product, MTTFP 2+ . Thus, three oxidation states could be accessed in the case of the MTTFPs.
Modification of the central metal bound to the porphyrinoid core induces shifts in the oxidation potential in accord with the following trend: H 2 Z Ni 4 Cu 4 Zn. In fact, the oxidation wave of the metalated complex, ZnTTFP, is shifted anodically 
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View Article Online by 0.15 V compared to the freebase analogue, H 2 TTFP. ZnTTFP is oxidized at 0.21 V relative to SCE (Fig. 7a) , a value near the first reduction potential of Li + @C 60 (0.13 V vs. SCE).
Further studies with ZnTTFP revealed that the zinc center is capable of forming a coordination bond with axial ligands. When the redox potential of ZnTTFP was reevaluated in the presence of chloride, a further anodic shift, to 0.13 V vs. SCE, was noted (Fig. 7c ). This latter value matches well with the first reduction of Li + @C 60 . We thus hypothesized that chloride anion coordination could induce thermodynamically favorable ET from ZnTTFP to Li + @C 60 .
In accord with the above prediction, no evidence of ET was seen for a mixture of ZnTTFP and Li + @C 60 in benzonitrile in the absence of an axial ligand, as inferred from absorption spectroscopic analyses. The addition of a non-coordinating anion, such as PF 6 À or BF 4 À , had no discernible effect on the system. However, the introduction of chloride (as TBACl) led to the appearance of bands associated with ZnTTFP + and Li + @C 60 À , which was taken as evidence of ground state ET. The electron transfer equilibrium constant for this interaction was determined to be 0.53 based on a titration of Li + @C 60 into ZnTTFP in the presence of excess chloride (Fig. 8 ). A similar interaction was observed upon treatment of the system with the corresponding Br À salt.
Pyridine, on the other hand, did not induce ET upon binding to the zinc center. CV studies revealed that complexation of ZnTTFP with pyridine produced little to no effect on the redox potential of the system. On the other hand, we found that treating the chloride-bound, post-ET state Cl À ÁZnTTFP + ÁLi + @C 60 À with excess pyridine promoted back electron transfer and regeneration of ZnTTFP and Li + @C 60 . Such a finding was ascribed to competitive displacement of the Cl À ligand from the metal center via the addition of pyridine and a commensurate restoration of energy levels that are unfavorable for ground state ET. This system thus complements those based on TTF-C4P and expands the lexicon of small molecules and ions whose presence or absence may be sensed as the result of favorable or unfavorable ET processes.
Intramolecular ET systems
In contrast to the examples in Section 3.2, wherein modification of the environmental surroundings (or external stimuli) promotes or inhibits intraensemble ET, intramolecular electron transfer (IET) within a covalently linked framework also represents a viable option in terms of ET-based sensing. For instance, in an elaborated molecular construct containing multiple appropriately tuned redox active sites, alteration of the molecular conformation, solvent system, or electronics of the electroactive components can induce ET from one portion of the molecule to another. In turn, this leads to changes in the electronic features of the molecule as a whole. Since, the resulting differences can typically be distinguished by a variety of standard methods (e.g., absorption spectroscopy, CV analyses, or conductivity measurements) the environmentally induced changes in the electronic features provide the readout function and the basis for molecular sensor development. Within the context of this potentially general paradigm, systems based on porphyrinoids are particularly attractive. Porphyrinoid ligands are strong dyes with well-defined redox states, simplifying the detection of the IET event. Moreover, they typically serve as very effective ligands for redox active metal cations, which allows complexation-based sensing scenarios to be envisioned. One example of IET involving a porphyrinoid system was reported recently by Selektor. It relies on a Pc-based sandwichtype complex (Fig. 9) , namely cerium bis-[tetra(15-crown-5)phthalocyainate] (Ce(15c5Pc) 2 ). 31 Pioneered by Kobayashi, 32 phthalocyanines bearing crown-ether moieties on the periphery were found to stabilize a variety of supramolecular assemblies with novel optical properties. 33 Both donor-acceptor interactions between neighboring crown ether-bearing phthalocyanines (Pc) and supramolecular crown ether-cation associations are thought to stabilize these ensembles. Early on, these systems were studied with a view to their interesting photoinduced electron transfer features (cf. PET, Section 4.2). 34 Recently however, the ground state IET of these molecules was probed in the context of exploring the lanthanide cation complexation features of these elaborated Pcs.
Complexation of large metals, including lanthanide cations, by Pcs leads to 2 : 1 Pc to metal double-decker structures. 35 With regards to IET applications, cerium, the second largest ''rareearth'' metal, is of particular interest. Unlike most of the other lanthanide cations (which are normally found in their +3 oxidation state) cerium has a readily accessible +4 oxidation state as a result of the stability of the 4f 0 electron configuration. Depending on the substitution pattern of the tetrapyrrolic ligands bound to the cerium metal, overall neutral complexes but differing in the oxidation state of cerium and hence the charge on the ligand, have been reported. 36 Selektor and coworkers studied the physicochemical properties of Langmuir-type monolayer films of Ce(15c5Pc) 2 . The absorption spectrum of the Ce(15c5Pc) 2 film (recorded by differentialreflection absorption spectrometry) was substantially different from that of the chloroform solution from which it was cast (Fig. 10) . Specifically, the intensity of the Q-bands at 530 nm and 700 nm was seen to increase, while a concurrent decrease in the Q-band intensity at 650 nm was observed. Based on previous reports, 36 the authors considered the latter spectral features indicative of a Pc radical anion, due to the increased intensity of the band at 530 nm. However, it was unclear whether the Pc core was oxidized by an external oxidant or as the result of internal electron transfer to the metal center (IET, i.e., Ce 4+ -Ce 3+ ). To clarify which pathway led to the observed oxidation, monolayers of various other double-decker lanthanide complexes (Ln(15c5Pc) 2 where Ln = Pr 3+ , Tb 3+ , Yb 3+ , and Lu 3+ ) were prepared and investigated. In contrast to what was seen with cerium, in the case of the control lanthanide(III) films, the absorption spectra of the monolayers closely matched their respective solution state spectra. Additionally, all the control films were characterized by Q-type bands with absorption maxima near 500 nm, which was taken as evidence for an unpaired electron within the Pc ring. In contrast, the unsubstituted cerium sandwich complex, CePc 2 , which is known to contain a tetravalent (Ce 4+ ) cation, displays no appreciable absorption intensity in the 500 nm spectral region. 34, 36 On the basis of this comparison, as well as other considerations, the authors concluded that in solution the Ce 4+ oxidation state dominates for the Ce(15c5Pc) 2 complex, but upon the formation of monolayers, IET leads to the Ce 3+ oxidation state predominating.
The driving force for IET occurring in Ce(15c5Pc) 2 upon the transfer of the molecule from an organic solvent environment to monolayer films is multifaceted. At atmospheric pressure, the Pc rings of Ce(15c5Pc) 2 monolayers were found to sit parallel to the air-water interface in a ''face-on'' orientation. The effects of this arrangement are twofold. First, it modifies the local solvent environment of one Pc ring, increasing the hydration of the Pc nearest the water interface. Second, the interactions of one Pc face of Ce(15c5Pc) 2 with the polar subphase breaks the electronic symmetry of the complex, increasing the mobility of the p-electrons and lowering the barrier to IET. It is hypothesized that to compensate for the asymmetric hydration, an electron is transferred from a Pc ring to the cerium metal via IET. To the extent this is true Ce(15c5Pc) 2 serves as a rudimentary environmental IET-based sensor. Interestingly, compression of Ce(15c5Pc) 2 monolayers results in the reformation of the Ce 4+ oxidation state. Above 27 mN m À1 pressure, the absorption spectra of Ce(15c5Pc) 2 monolayers reverts to a pattern similar to that of the solution-state spectra (Fig. 11 ). Compression isotherms are consistent with a normal decrease in the mean molecular area upon pressurization up until 20 mN m À1 . After this, a plateau region is attained (from ca. 20-27 mN m À1 ), wherein normal increases in pressure lead to a larger than expected compression of the mean molecular area. Such findings are attributed to the translation of individual Ce(15c5Pc) 2 molecules from a face-on arrangement to one wherein the disc-like molecules are located perpendicular to the air-water interface. Above 27 mN m À1 normal compression behavior resumes, as would be expected for scenario wherein full conversion of the monolayers to a perpendicular orientation occurs. The perpendicular arrangement of Ce(15c5Pc) 2 obviates the increased stabilization of the Ce 3+ state expected in the monolayer as the result, presumably of increased asymmetrical hydration and polarization, resulting in reversion to the Ce 4+ oxidation state seen in organic media. At high pressures, the conversion of Ce 3+ to Ce 4+ is considered favorable due to the smaller ionic radius associated with the higher oxidation state. Since the changes can be followed by absorption spectroscopy, the IET effects allow the Ce(15c5Pc) 2 films to serve as molecularbased pressure sensors.
Photoinduced ET (PET) systems
Biological systems
The complexity, functionality and efficiency of photosynthetic systems can be considered as the culmination of billions of years of evolution involving inter alia biological switches. In this context, photosystem II (PSII) deserves special mention since it is composed of a protein-pigment complex of 20 subunits and approximately 100 cofactors. 37 The main harvesters of light in PSII are oligopyrrolic chlorophylls assembled in antennae-type structures. Further, the oxygen-evolving complex of PSII is known to be activated by the presence of Cl À and Ca 2+ ions. 38 Thus, in an oversimplified view, PSII can be considered as an oligopyrrolic-containing complex of photo-and pH-dependent switches that utilizes energy collected via photoexcitation to feed a cascade of proton-coupled electron transfer processes that eventually result in the production of oxygen.
Synthetic oligopyrrolic systems
Driven by a desire to replace environmentally hazardous carbon-based fuels for worldwide energy demands, a large body of work has been devoted to fabricating synthetic mimics of photosynthesis. Oligopyrrolic macrocycles have played a key role in this pursuit, as a result of their large molar absorptivities and, in turn, the ease with which their higher electronic states may be populated by solar radiation. 39 To date, many oligopyrrolic donor-acceptor systems have been reported in which ET does not occur spontaneously from the ground state but instead requires the formation of an excited state of one or both of the constituents to drive the ET process forward.
Although representing an application orthogonal to that which inspired their original synthesis, many of these systems have the potential to be ''rebranded'' as PET-based molecular switches or sensors. In this section we will highlight several recent porphyrinogen-based supramolecular systems that demonstrate switchable photoinduced electron transfer upon tuning the electronic character of one of the partners that makes up the self-associated complex. We will focus on examples from our groups, with a particular emphasis given to those systems that have not been previously reviewed. Many others, including D'Souza and Fukuzumi, have made integral contributions to this area and the interested reader is encouraged to explore the literature devoted to this topic. 8a,10,40 4.2.1 Androgynous (donor and acceptor) systems. Recently, we described a system in which cyclo[8]pyrrole (C8), in its diprotonated form, revealed androgynous electronic characteristics (Fig. 12 ). 41 As a result of its rather small HOMO-LUMO gap (0.60 eV), C8 can act as both an electronic donor and acceptor depending on the redox partner to which it is exposed. This makes it a prototypical ET-based molecular sensor system. For example, when combined with a zinc porphyrin carboxylate (ZnP), C8 forms a 1 : 1 supramolecular complex (C8-ZnP) stabilized via a combination of hydrogen bonding and electrostatic interactions. When this complex is subject to nanosecond laser photoexcitation at 430 nm in acetonitrile, electron transfer occurs from the triplet excited state of the porphyrin ( 3 ZnP*) to C8. This results in formation of the corresponding charge separated (CS) state, C8 À -ZnP + . The CS state was characterized by transient absorption spectroscopy (TAS), an analysis that revealed transient spectral features at 720/780 nm and 1000 nm corresponding to ZnP + and C8 À , respectively (Fig. 13 ). Under these conditions, C8 thus acts as an electron acceptor.
In contrast, C8 acts as an electron acceptor when ZnP is replaced by a pyrenyl carboxylate (Py) (Fig. 12 ). In this case, irradiation of the C8-Py complex (formed by simple mixing in organic media) at 440 nm produces spectral signals consistent with the transfer of an electron from C8 to the singlet excited state of the pyrene partner (1Py*). This results in formation of a C8 + -Py À complex, 42 as evidenced by the presence of TAS features corresponding to C8 + (peaks at 450, 740, and 820 nm) and, Py À (480 nm). PET occurs in the C8 -Py direction despite the calculated energy of the C8 + -Py À complex (2.58 eV) being higher than that of putative C8 À -Py + state (1.31 eV).
Marcus theory provides a rational for the fact that the higher energy C8 + -Py À complex is formed in preference. Specifically, it predicts that formation of the lower energy state (C8 À -Py + ) is well within the Marcus inverted region, a finding that is consistent with the drastically diminished rate with which this hypothetical complex is formed. Independent of the theoretical underpinnings, the fact that the direction of ET can be controlled by changing the redox partner leads us to suggest that C8 can be considered a simple supramolecular PET switch that responds to (at least) two specific analytes, namely ZnP and Py. 4.2.2 Phthalocyanine-graphene complexes. Switchable PET effects have also been reported among supramolecular systems incorporating phthalocyanines (Pc) with carbon-rich nanostructures (CNS, e.g., graphene, carbon nanotubes, and fullerenes). In contrast to the previously described examples utilizing C8 (in which the oligopyrrole acts as the androgynous PET switch), in Pc-CNS complexes, the electronic nature of the Pcs have been modulated to effect a switching of the direction of PET toward the CNS.
Graphene is characterized by a high density of states above and below the Fermi level and, as such, may be considered as a zero band gap semiconductor. 43 Therefore, graphene has been utilized as both an electron donor and an electron acceptor. This makes it a prime candidate for incorporation into switches based on PET. Several covalently linked nanohybrids of graphene with electron-rich 44 or electron-deficient 45 Pcs in which the direction of PET was dictated by the electronic nature of the appended Pc have been previously described. In this Feature, however, we will concentrate on summarizing non-covalent systems involving graphene and Pcs.
The electronic characteristics of graphene flakes were found to be detectibly altered by supramolecular association with a ZnPc poly(p-phenylenevinylene) polymer bearing cyano groups (ZnPc-PPV-CN) ( Fig. 14) . 46 ZnPc-PPV-CN, containing a string of pendant ZnPc units along its polymeric backbone, was found to associate strongly with nanographene (NG). ZnPc-PPV-CN assists in the exfoliation of graphite and stabilizes the newly formed flakes that were found to contain 2-3 layers of graphene. Surprisingly, evidence of strong electronic coupling between the individual components was seen in the ZnPc-PPVA-CN-NG aggregates even in the ground-state. Specifically, the absorption of the Q-band of ZnPc was shifted to 707 nm, in comparison with 675 nm for free ZnPc-PPV-CN in THF (Fig. 15 ). Additionally, upon interaction with NG, the fluorescence of ZnPc was quenched. This was taken as evidence of electron transfer from ZnPc to graphene in the excited state. Additional evidence was obtained from TAS of the ZnPc-PPV-CN-NG hybrid employing femtosecond flash photolysis in THF (700 nm). In these studies, the appearance of a peak at 840 nm was noted. Such a feature is characteristic of the one-electron oxidized form of ZnPc. Hence, in the current system photoexcitation of the ZnPc moieties leads to efficient PET from ZnPc to graphene, with the latter species acting as an electron acceptor. 
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Pc-NG systems have also helped shed light on the less-well explored electron donating features of graphene. For instance, by exploiting p-p interactions, a pyrene-functionalized (alkylsulfonyl) zinc(II) phthalocyanine (ZnPc-Py) could be bound to highly exfoliated graphite ( Fig. 16 ). 47 The reduction potential of ZnPc-Py is relatively low, as would be expected given the electron withdrawing sulfonyl ester groups. As a result, this particular porphyrinoid species is electron deficient. It acts an electron acceptor when mixed with NG sheets. Evidence for strong electronic interactions was seen in both the ground and excited states. Upon photoexcitation of the ZnPc-Py-NG complex at 387 nm, a CS state was generated (i.e. ZnPc-Py À -NG + ) that undergoes slow charge recombination. TAS maxima at 485, 582, and 760 nm and minima at 460 and 640 nm were observed that were considered as ''fingerprints'' of the oneelectron reduced radical anion ZnPc-Py À (Fig. 16 ), supporting the formation of the transient CS state. Other new features evolved during the transient decay, including broad maxima at 950 and 1070 nm that were interpreted in terms of the formation of new holes in the valence band of graphene. When considered in conjunction with the previous example involving ZnPc-PPV-CN, the studies with (alkylsulfonyl) ZnPc-Py provide support for the notion that sheets of NG may serve as an ambidirectional supramolecular PET partner when paired with appropriately tuned Pc compounds. As such, it becomes appealing to envision new kinds of ET switches based on NG and appropriately designed Pc constructs. 4.2.3 Phthalocyanine-carbon nanotube complexes. Carbon nanotubes (CNT) are also attractive building blocks for the construction of potential ET-based sensors. As true for NG, CNTs display semiconducting character. They are thus expected to act as both electron donors and electron acceptors depending on the electronic partners with which they are paired. 48 Recent reports on charge transfer reactions involving CNTs in heterojunctions, as well as their use as electron donors in photoelectrochemical cells 49 and organic field-effect transistors, 50 attest to the considerable interest and active research in the area of CNT-based devices.
Our experience with ZnPc-PPV-CN/NG conjugates inspired us to try dispersing single-walled CNTs (SWNT) via the use of various Pc-poly(p-phenylenevinylenes) (Pc-PPVs). Upon mixing of SWNTs with ZnPc-PPV-CN (Fig. 17 ) stable and finely dispersed suspensions were obtained. These suspensions were characterized by means of absorption and Raman spectroscopy, as well as atomic force microscopy. In contrast, oligomers ZnPc-PPV lacking a cyano group failed to suspend the CNTs, 51 as evidenced by the absence of spectroscopically viable SWNT suspensions. The electronic nature of the Pc-PPV oligomers was used to rationalize these experimental findings. In the case of oligomer ZnPc-PPV-CN, the presence of electron-withdrawing cyano substituents on PPV backbone imparts n-type character to the macromolecule, thus favoring strong p-p interactions with p-type SWNTs. In contrast, the PPV oligomers missing cyano functionalities along their backbone revealed p-type character and thus displayed a low affinity for the p-type SWNTs. TAS measurements carried out on the ZnPc-PPV-CN-SWNT supramolecular hybrid revealed the formation of a metastable charge-separated photoproduct (Pc + -SWNT À ), presumably reflecting the presence of stabilizing n-type-p-type interactions between the respective partners.
Modification of the original p-type Pc-PPV systems to impart improved structural flexibility led remarkably to the formation of stable suspensions when exposed to p-type SWNTs. 52 Timeresolved TAS measurements of confirmed PET from the photoexcited ZnPc to the SWNT resulting in a CS state that was stable for 100 ps.
Recent studies have led to improvements in our ability to immobilize Pc-PPV-CN oligomers onto SWNTs. Specifically, we have replaced pristine SWNTs with C 60 @SWNT peapods. The latter species form stronger complexes with Pc-PPV-CN oligomers most likely as the result of an intrinsic charge transfer from the SWCNTs to the encapsulated C 60 , which serves to increase its p-type character. 53 In analogy to what was seen with SWCNTs, PET and injection of an electron from the Pc motif into the conduction band of SWCNTs was observed upon photoexcitation of the self-assembled Pc-PPV-CN-C 60 @SWNT ensemble.
Pyrene-substituted phthalocyanines have also been explored for the construction of supramolecular hybrids with SWNTs, with the direction of photoinduced electron transfer likewise being studied. 54 As expected, Pc-Py (a and b, Fig. 18 ) were found to adhere to periphery of the SWNTs by means of p-p interactions. In fact, mixtures of these components result in the formation of stable suspensions. Upon photoexcitation of these suspensions at 387 nm, PET from the singlet excited state of either Pc-Py to the SWNT partners was observed. This ET event was evidenced by the observation of transient features characteristic of the Pc radical cation (i.e., maxima at 520 and 840 nm) and the SWNT radical anion (e.g., a negative imprint associated with the van Hove singularities at 1000-1600 nm (Fig. 18) ).
Pyrenyl-bound azulenocyanine (azPc-Py) ( Fig. 19 ) was synthesized to expand upon the results obtained with the Pc-Py-SWNT ensemble suspensions. 55 As expected, immobilization of azulenocyanine derivatives onto SWNT surfaces yielded supramolecular associates that were strongly electronically coupled in the ground state, allowing rapid charge separation in the excited state. Charge recombination of 137 ps was observed for azPc-Py-SWNT system, that is faster than that of Pc-Py-SWNT (beyond 3 ns). This difference leads us to suggest that such systems could provide the basis for differentiating ostensibly similar PET partners thus providing a new, electron transfer-based approach to sensing.
Although many examples wherein Pcs serve as PET donors to carbon nanotubes are known, to our knowledge systems that exploit electron-deficient Pcs as electron acceptors have yet to be reported. Studies along these lines are ongoing in our laboratories. If successful, these efforts may allow CNTs to emerge as PET-based sensors for particular classes of Pcs (e.g., electron rich vs. electron deficient).
Subphthalocyanines (SubPc) are a relatively underexplored class of molecules that may prove particularly useful in the context of developing new PET-based switching systems. 56 In addition to having received attention for their unique photophysical properties, SubPc have attracted interest as easy-to-manipulate components for molecular self-assembly. For instance, SubPcs have been recently used to construct supramolecular jelly fish-like ensembles 57 and for SubPc-based metallosupramolecular encapsulation. 58 In both cases, photoexcitation of the SubPc supramolecular hybrids is followed by singlet excited-state energy transfer to a complexed fullerene receptor. Additionally, covalent constructs containing SubPcs have been demonstrated to undergo efficient photoinduced electron transfer reactions, with the SubPcs acting as either electron donors or acceptors. 59 Because of this latter duality, we predict that SubPcs will emerge as important constituents in PETbased electron switches, molecular sensors, and synthetic logic gates. However, to date this promise has yet to be realized.
Conclusions
While much remains to be done, we believe that the foundations have been laid for electron transfer processes (both thermodynamic and photoinduced) to emerge a new tool in the proverbial toolbox associated with molecular sensing and switching. Because recognition, detection, and logic functions are not typically foremost considerations in the design of, e.g., artificial photosynthetic systems, ET events have hitherto mostly been overlooked in the context of molecular sensor and switch development. As a consequence, there is room for considerable growth. Key challenges going forward involve generalizing the paradigm and developing systems with increased specificity, greater robustness, and an ability to respond to an expanded range of analytes. It is the hope of the authors that this Feature will inspire additional efforts to exploit ET phenomena for the purpose of molecular sensing and logic design. The orthogonal nature of the ET-based approach, relative to more established modalities, makes this vision particularly appealing.
